Abstract Centromeres are defined by a specialized chromatin organization that includes nucleosomes that contain the centromeric histone variant centromere protein A (CENP-A) instead of canonical histone H3. Studies in various organisms have shown that centromeric chromatin (i.e., CENP-A chromatin or centrochromatin) exhibits plasticity, in that it can assemble on different types of DNA sequences. However, once established on a chromosome, the centromere is maintained at the same position. In humans, this location is the highly homogeneous repetitive DNA alpha satellite. Mislocalization of centromeric chromatin to atypical locations can lead to genome instability, indicating that restriction of centromeres to a distinct genomic position is important for cell and organism viability. Here, we describe a rearrangement of Homo sapiens chromosome 17 (HSA17) that has placed alpha satellite DNA next to euchromatin. We show that on this mutant chromosome, CENP-A chromatin has spread from the alpha satellite into the short arm of HSA17, establishing a ∼700 kb hybrid centromeric domain that spans both repetitive and unique sequences and changes the expression of at least one gene over which it spreads. Our results illustrate the plasticity of human centromeric chromatin and suggest that heterochromatin normally constrains CENP-A chromatin onto alpha satellite DNA. This work highlights that chromosome rearrangements, particularly those that remove the pericentromere, create opportunities for centromeric nucleosomes to move into nontraditional genomic locations, potentially changing the surrounding chromatin environment and altering gene expression.
division. Human centromeres are genetically and functionally defined by alpha satellite DNA, a ∼171 bp repeat subunit, that is tandemly organized into long homogeneous arrays (Waye and Willard 1986; Waye et al. 1987; Willard and Waye 1987; Schueler et al. 2001; Rudd and Willard 2004) . On endogenous chromosomes, alpha satellite is organized into higher order repeat (HOR) units that contain a defined number of monomers; the number of monomers in a HOR confer chromosome specificity. Hundreds of copies of a HOR give rise to a homogeneous array at each primary constriction. Higher order alpha satellite DNA is the site of centromere protein binding, including centromere protein A (CENP-A), the centromere-specific histone H3 variant (Vafa and Sullivan 1997; Mravinac et al. 2009 ). CENP-A contributes to a unique type of chromatin (centromeric chromatin or centrochromatin) that is the structural foundation for the three-dimensional kinetochore, linking centromeric DNA and additional protein components of the inner and outer kinetochore (Perpelescu and Fukagawa 2011) .
In addition to CENP-A nucleosomes, centromeric chromatin contains subdomains of nucleosomes that contain histone H3. Interspersion of CENP-A and H3 is important for proper centromere function, including recruitment of CCAN network proteins CENP-S, CENP-T, CENP-W, and CENP-X and maturation of the kinetochore (Hori et al. 2008; Prendergast et al. 2011; McKinley et al. 2015) . The H3 within centromeric chromatin carries posttranslational modifications, including methylation of lysine 4 (K4), lysine 36 (K36), and to a lesser extent lysine 27 (K27), that are needed for centromeric transcription, centromere protein recruitment, and establishment of distinct chromatin domains within the broader centromere region (Bergmann et al. 2011; Ohzeki et al. 2012; Ohzeki et al. 2016) . Although chromosome-specific alpha satellite arrays extend for several megabases within a given human centromere region, centromeric chromatin and centromere proteins are positioned on only 30-45 % of the large repetitive array (Zeng et al. 2004; Lam et al. 2006a; Mravinac et al. 2009; Sullivan et al. 2011) . Moreover, the CENP-A chromatin domain appears to be relatively fixed at a similar position on a given chromosome-specific array in different individuals (Ross et al. 2016) . Restriction of centromeric chromatin suggests that only a limited section of alpha satellite DNA is required for proper centromere function in humans. Such spatial confinement may also protect the genome from the accumulation of CENP-A at inappropriate genomic regions.
The molecular basis for CENP-A chromatin restriction is not well understood. It is clear that centromeric chromatin must be amassed at one locus per chromosome; when CENP-A is promiscuously loaded throughout the genome or tethered to multiple sites on the same chromosome, neocentromeres and dicentric chromosomes arise and lead to genome instability, developmental defects, and cancer (Heun et al. 2006; Marshall et al. 2008; Mendiburo et al. 2011; Chen et al. 2014; Garsed et al. 2014; Athwal et al. 2015) . Overexpression of CENP-A or its chaperone HJURP, experimentally or as an inherent feature of cancer cells, leads to centromere expansion Perpelescu et al. 2015) , indicating that appropriately regulated levels of histone variants and their chaperones coordinately constrain the CENP-A chromatin domain. Moreover, studies in model systems have shown that nearby chromatin, specifically heterochromatin, establishes and sustains CENP-A chromatin at the same chromosomal location (Ekwall et al. 1997; Williams et al. 1998; Partridge et al. 2000; Folco et al. 2008) . Pericentromeric heterochromatin in mammalian cells may also play a similar Bgatekeeper^role for centromeric chromatin in order to ensure chromosome stability (Taddei et al. 2001; Boyarchuk et al. 2014) , although few studies have directly tested this model.
In this work, we describe a naturally occurring human chromosome 17 mutant that asymmetrically lacks pericentromeric heterochromatin and a large proportion of alpha satellite DNA. Loss of pericentromeric heterochromatin results in repositioning of centromeric chromatin within euchromatin and changes in gene expression. The consequences of centromere spreading and CENP-A nucleosome expansion are not unlike that described in model systems.
Materials and methods

Cell culture
The fibroblast line GM08148 that contains a normal Homo sapiens chromosome 17 (HSA17), del(17), and mar(17) (Coriell Institute for Medical Research) was grown in minimal essential medium (MEM) alpha, supplemented with 10 % fetal bovine serum (FBS; Cellgro) and 1× antibiotic-antimycotic solution (Gibco). Somatic cell hybrids containing the normal HSA17 (L65-14A) or del(17) (L65-13A) derived from the fibroblast cell line GM08148 as previously described (Wevrick et al. 1990 ) were grown in MEM alpha supplemented with 10 % FBS, 1× antibiotic-antimycotic, and 1× hypoxanthine-aminopterin-thymidine (HAT; Gibco). All cells were cultured at 37°C in 5 % CO 2 .
Fluorescence in situ hybridization on metaphase chromosomes Metaphase chromosomes were isolated from GM08148 using standard protocols with hypotonic treatment in either 75 mM KCl (GM08148) or a 1:1:1 v/v/v mixture of 75 mM KCl/0.8 % sodium citrate/dH 2 O (somatic cell hybrid cells). Cells were fixed in 3:1 methanol/acetic acid multiple times prior to immobilization on glass slides. Chromosome preparations that were less than a week old were used for fluorescence in situ hybridization (FISH) with a probe specific for D17Z1 (p17H8, a generous gift from H.F. Willard) that had been labeled with biotin-12-dUTP or directly labeled with Alexafluor 488-dUTP or Alexafluor 594-dUTP. Hybridization and washing were done at high stringency (68 % formamide). Indirectly labeled biotin probes were detected with Cy3-avidin. Chromosomes were counterstained with 1 ng/μL DAPI diluted in Vectashield (Vector Laboratories).
PCR walking using sequence-tagged site markers Genomic DNA (50 ng) from L65-13A [del(17)] and L65-14A (normal HSA17 control) was amplified in a 15 μL reaction using primers to sequence-tagged site (STS) markers spanning the proximal short arm of chromosome 17 from 17p11-17p13 (Table 1 ). The entire PCR reaction was run on a 1.5 % agarose gel that was stained with ethidium bromide and imaged on an AlphaImager documentation system. Chromosome 17 tile path array comparative genomic hybridization and analysis High-resolution genome tile path microarrays were constructed using large bacterial clones (bacterial artificial chromosome (BAC) clones) as previously described (Fiegler et al. 2003) . The chromosome 17 tile path array included 923 individual BACs spanning HSA17. A chromosome 4 tile path BAC array containing 2303 BACs was used as a control comparative genomic hybridization (CGH) for normal copy number. Briefly, BAC DNA was purified by alkaline lysis and used as the template for three different, degenerate oligonucleotide primed PCR reactions, prior to a second round of amino-linking PCR and printing onto CodeLink slides (GE Bioscience, Piscataway, NJ, USA) using a Genetix Qarray2 (Genetix, Boston, MA, USA). A total of 450 ng of WT or MUT HSA17 DNA and control DNA, from human peripheral blood, were differentially labeled with Cy3-CTP and Cy5-CTP (BioPrime Labeling Kit; Invitrogen, Carlsbad, CA, USA), purified (Qiagen, Hilden, Germany), and hybridized to the tile path arrays using the MAUI hybridization station (BioMicro Systems Inc., Salt Lake City, UT, USA). Image capture of the hybridized arrays for fluorescent intensity extraction was performed using a Genepix 4100A scanner (Molecular Devices, Sunnyvale, CA, USA). Bluefuse microarray software (BlueGnome http://www. cambridgebluegnome.com/bluefuse_micro) was used for data processing of the scanned images prior to porting into Nexus (BioDiscovery http://www. biodiscovery.com/index/nexus) for analysis.
Microarray data was preprocessed in Nexus by removing poor-quality flagged spots (confidence <0.3 as defined by Bluefuse software), removing background by Lowess correction before normalization of log2 ratios and combining BAC replicates. BioDiscovery's rank segmentation algorithm (RSA), which is similar to circular binary segmentation (CBS) (Olshen et al. 2004) , was used to identify genomic rearrangements. Briefly, the algorithm uses a normal distribution function for testing for change points as opposed to the nonparametric permutation-based statistics used in the original CBS algorithm. It also uses the log ratio rank of each probe as oppose the log ratio value itself. The calling algorithm used cluster values and defined log2 thresholds of −0.5 for one copy loss. We applied a conservative cutoff of three BAC clones showing the same copy number change trend to define genomic deletion or duplication with the significance threshold set at 0.005.
DNA sequencing
Genomic DNA extracted from cell lines L65-13A [mutant (MUT); del(17)] and L65-14A (wild type (WT); normal HSA17 control) was sequenced on the Illumina HiSeq2500 using Illumina's library preparation kit. Single end 50 bp reads were used for sequencing. Reads were first processed to remove low-quality bases and adapter sequences from the 3′ end using the TrimGalore! Toolkit (http://www.bioinformatics.babraham.ac. uk/projects/trim_galore). Reads that were at least 20 nt in length after trimming were then aligned to a custom genome that contained the full mouse genome (GRCm38 from ENSEMBL (Kersey et al. 2012) ) as well as human chr17 (GRCh38 from ENSEMBL) by the Bowtie alignment algorithm (Langmead et al. 2009 ) (-m 500 -v3 -all -best -strata). The breakpoint region in the MUT samples was identified by averaging the ratio of input DNA in the WT samples to the MUT samples for the two factors in a sliding window across all of the replicates. A 5 kb window was identified between two windows that had a greater than 10-fold change in the ratio.
Immunofluorescence-FISH on chromatin fibers
Chromatin fibers were prepared from somatic cell hybrids L65-14A and L65-13A as previously described (Sullivan 2010; Sullivan et al. 2011; Maloney et al. 2012) . Custom rabbit polyclonal antibodies to mouse CENP-A (Maloney et al. 2012 ) were used at 1:50 dilution and incubated overnight at 4°C followed by washing in KCM buffer without agitation. CENP-A antibodies were detected with Alexa Fluor 594-conjugated antirabbit secondary antibodies (Invitrogen) at room temperature for 2 h, followed by KCM washes. Antibodies were cross-linked to chromatin fibers with 10 % formalin (4 % formaldehyde) for 10-15 min at room temperature. D17Z1 plasmid p17H8 was directly labeled with ChromaTide 488-dUTP using nick translation, and 200 ng was used for hybridization to chromatin fibers. Chromatin fibers were denatured in 70 % formamide/2× SCC, pH 7.0 for 5 min, and denatured probe resuspended in 68 % formamide hybridization buffer was quickly applied. Hybridization was performed at 37°C overnight, followed by washes in 68 % formamide/2× SSC/ 0.05 % Tween-20 at 37°C.
Microscopy and image analysis
All images were acquired using an inverted Olympus IX-71 microscope connected to the Deltavision Elite imaging system (Applied Precision/GE Healthcare) equipped with a Photometrics CoolSNAP HQ 2 CCD camera and running the SoftWoRx imaging software. Fiber images were taken with a 100× objective (NA 1.40). Those extending through multiple fields of view were captured using the Panels option in the SoftWoRx Acquire 3D program and merged into single images using the BStitch^function. The BMeasure Distancest ool was used to measure lengths of fluorescent signals in micrometers. Micrometer distances were converted to kilobases using the D17Z1 fluorescent probe signal from each line as a normalizer for size. The molecular sizes of D17Z1 in L65-14A (3.7 Mb) and L65-13A (0.7 Mb) had been previously determined (Wevrick et al. 1990 ) and reconfirmed in our lab (AldrupMacDonald et al. 2016) . CENP-A domain size was calculated from the ratio of the length of CENP-A antibody signal over the length of the D17Z1 array signal Ross et al. 2016) .
Chromatin immunoprecipitation PCR with CENP-A antibodies
Native chromatin containing oligonucleosomes (mono, di, and tri) was prepared by micrococcal nuclease digestion as previously described (Mravinac et al. 2009; Maloney et al. 2012 ) using a modification of the MAGnify ChIP system (Invitrogen) for native chromatin. One microgram of chromatin was incubated with 5 μg of polyclonal mouse CENP-A antibodies (AP601); ChIPs for each antibody were performed in duplicate per sample (WT or MUT). Two microliters of immunoprecipitation product (IP) was used for qPCR that was performed in triplicate for each IP sample. Primers for each genomic location and qPCR conditions are listed in Table 1 . Enrichment for CENP-A was calculated as percentage of input and presented as enrichment above D17Z1, the site on HSA17 where CENP-A is normally highly concentrated.
Reverse transcriptase quantitative PCR RNA was isolated in duplicate for each cell line (∼5 × 10 6 cells per reaction) using the RNeasy kit (Qiagen). RNA quality was confirmed by 1.1 % general purpose agarose gel containing 1 % household bleach. RNA was reverse transcribed using QuantiTect Reverse Transcription Kit (Qiagen). Both RT+ and RT− samples were generated for each duplicate. For each resulting cDNA sample, reverse transcriptase quantitative PCR (RT-qPCR) was performed in triplicate (2 μL template/ reaction) using QuantiFast SYBR Green PCR kit (Qiagen). RT-qPCR runs included a target gene (ELAC2; F: 5′ TCTTCAACTGTGGAGAAGGC 3′; R: 5′ CTGTGTATGGGGATCTGGTA 3′) and a reference gene (mouse beta actin; F: 5′ GTGGGCCG CTCTAGGCACCA 3′; R: 5′ CGGTTGGCCTTAGG GTTCAGGGGGG 3′). Relative expression was calculated by the ΔΔC t method using the normal 17 as the control. A Student's t test was used to determine significance between normal and mutant HSA17 gene expression, with p values less than 0.01 considered significant.
Results
Clarification of the del(17) structure and refinement of the breakpoint to a 5 kb region
The HSA17 has a complex centromere region, containing three, distinct, adjacent higher order alpha satellite arrays (D17Z1-B, D17Z1, D17Z1-C, moving from short arm toward the long arm) flanked by unordered monomeric alpha satellite DNA (Fig. 1a) (Rudd and Willard 2004; Maloney et al. 2012) . Typically, D17Z1 is the location of centromere assembly, although in some individuals in the population, the centromere forms at D17Z1-B (Maloney et al. 2012) . Centromere functional alpha satellite arrays like D17Z1 are enriched for centromere proteins, euchromatic histone modifications such as H3 methylated at lysines 4 and 36 (H3K4me2, H3K36me2/3), and heterochromatic histone modifications H3 tri-methylated at lysines 9 and 27 (H3K9me3 and H3K27me3) (Sullivan and Karpen 2004; Lam et al. 2006b; Bergmann et al. 2011) . Inactive arrays such as D17Z1-B and D17Z1-C in the pericentromeric region lack CENP-A and other centromere proteins and instead are highly enriched for heterochromatic histone modifications (Mravinac et al. 2009; Maloney et al. 2012) (Fig. 1a) .
In this study, the HSA17 of interest has undergone a large structural change in which most of the centromere region and nearly half of the short arm (p) have been deleted. This resulted in a deleted chromosome [del(17)] and a small supernumerary marker chromosome [mar(17) ] that retains the deleted portions of HSA17 (Howard-Peebles et al. 1985) (Fig. 1b) . The del(17) and the normal HSA17 from the patient were isolated into mouse-human somatic cell hybrids to facilitate comparative molecular analyses (Wevrick et al. 1990; Warburton et al. 1992) . The del(17) breakpoint region was previously mapped by classical cytogenetic analysis to distal 17p11 (Howard-Peebles et al. 1985) . However, because of the low resolution of metaphase analysis, we sought to refine the breakpoint region of the del(17) using a combination of approaches, including BAC CGH array, PCR, and DNA sequencing. By CGH array analysis, the breakpoints were narrowed to a 292 kb region between two BACs: RP11-409O23 (hg38: 13086033-13254863) and RP11-196N4 (hg38: 13205501-13378336) (Fig. 2a) . The region was narrowed further by PCR with primers specific for several annotated STS Fig. 1 Molecular cytogenetic analysis of a patient cell line GM08148 containing a rearranged, mutant HSA17. a The HSA17 centromere region contains three higher order repeat alpha satellite arrays D17Z1-B (blue), D17Z1 (red), and D17Z1-C (purple). Centromeric chromatin defined by CENP-A nucleosomes and H3 nucleosomes methylated at lysines 4 (K4) and 36 (K36) (green circles) is typically assembled at D17Z1, on a portion of the array. Heterochromatin marked by H3K9me3 and H3K27me (orange circles) is assembled on the remainder of D17Z1, as well as on the flanking pericentromeric arrays D17Z1-B and D17Z1-C. b FISH with DNA probe p17H (red) that recognizes the D17Z1 alpha satellite array on HSA17 on the diploid patient cell line containing a normal 17 (nl17), the mutant deleted 17 (del17), and the supernumerary marker (mar17). Enlargement of each chromosome HSA17 from the patient showing the small amount of D17Z1 and the reduction in the short arm on the del(17). The del(17) lacks most of D17Z1 and all the short arm pericentromere that includes D17Z1-B. Chromosomes are counterstained with DAPI (blue). Scale bar equal 15 μm markers (PCR walking) within 17p12. With this approach, we mapped the breakpoint to a 28 kb region (hg38: 13203706-13232342) between markers D17S2117 and D17S1808 (Fig. 2b) .
Illumina sequencing further defined the breakpoint to a 5 kb region (hg38: 13206181-13211180) (Fig. 2c) . Structural variants such as segmental duplications or low-copy repeats are known to drive recurrent and de novo chromosome rearrangements and are especially enriched within the proximal short arm of HSA17 (Stankiewicz et al. 2001; Shchelochkov et al. 2010) . When examining the area of breakage for structural variation within the genome assembly, no annotated segmental duplications or low-copy repeats mapped to the breakpoint region. However, three retroelements, specifically L1s/long interspersed nuclear elements (LINEs), were present within the breakpoint region (Fig. 2c) , with one appearing as an insertion. The deletion, at least on the short arm side of the break, may have been driven by these mobile elements that are present within the breakpoint region and that may create an area of instability. Taking into account all of these experiments, we determined that the del(17) is missing 12.9 Mb of HSA17 (15 % of the chromosome), including 2.5 Mb of D17Z1 alpha satellite, ∼500 kb of pericentromeric DNA, and 9.9 Mb of the proximal short arm (Fig. 2d) .
Spreading of CENP-A chromatin into the short arm of HSA17
Previous analysis revealed that the alpha satellite binding protein CENP-B is present in reduced amounts on the del(17) (Wevrick et al. 1990 ). This observation is most likely explained by the decrease in D17Z1 alpha satellite array size and, by extension, the number of CENP-B boxes, i.e., the 17 bp motif within alpha satellite DNA that is specifically recognized by CENP-B. Even though the del(17) lacks ∼75 % of D17Z1 and is associated with less CENP-B, it is mitotically and meiotically stable (Wevrick et al. 1990; Aldrup-MacDonald et al. 2016) . Reduced or even absent CENP-B binding does not preclude recruitment of other centromere and kinetochore proteins. In fact, the stability of the del(17) and its inheritance through meiosis (Wevrick et al. 1990) suggest that this chromosome has a functional centromere and properly recruits other centromere proteins even though the D17Z1 alpha satellite array is extensively reduced in size.
We measured the amount of centromere proteins by optically mapping CENP-A chromatin on extended chromatin fibers from the del(17). We previously showed that CENP-A chromatin is normally assembled on 30-45 % of alpha satellite DNA of any given human chromosome (Lam et al. 2006a; Mravinac et al. 2009; Sullivan et al. 2011 ). This ratio, and the chromatin organization within the centromere, is consistently preserved even when human chromosomes are transferred to rodent backgrounds (Mravinac et al. 2009; Sullivan et al. 2011; Maloney et al. 2012) . Therefore, it appears that mouse CENP-A assumes the location previously occupied by human CENP-A and accurately reflects centromeric chromatin organization in the human background.
The normal HSA17 homolog from the same patient has a 3.7 Mb alpha satellite D17Z1 array (Wevrick et al. 1990) , and CENP-A chromatin is assembled on ∼40 % of the array (1.45 ± 0.45 Mb) (Fig. 3a) . The del(17) with its 700 kb D17Z1 array exhibited a smaller CENP-A chromatin domain. Surprisingly, CENP-A only partially co-localized with D17Z1 (Fig. 3a) . The remainder of CENP-A did not overlap with D17Z1 FISH signal. In fact, ∼55 % of Fig. 2 Molecular refinement of the extent of HSA17 short arm deletion and identification of the breakpoint region on the del(17). a BAC CGH array narrowed the breakpoint to a 292 kb region in band 17p12 between BACs RP11-409O23 and RP11-196N4. The gray line at 0 represents diploid copy number; the gray line below 0 represents deleted segments of the HSA17 short arm. Light blue circles denote individual BACs included in the array; arrows point to specific BACs. b Further definition of the breakpoint region by PCR using primers to STS markers. Genomic DNA isolated from somatic cell hybrids containing either the normal 17 or the del(17) was amplified with each primer set. PCR products run on agarose gels are shown as ethidium bromide DNA bands above the name of each STS marker. The white bands on dark background were inverted to dark bands on light background for presentation purposes only. The absence of bands in the del(17) lanes indicated that this region of HSA17 was deleted. This type of analysis allowed us to narrow the breakpoint to a 28 kb region between D17S2117 (light blue box) and D17S1808 (note the very faint band in the del(17) for D17S2117). c DNA sequencing further narrowed the breakpoint region (blue line) to a 5 kb region in the middle of 17p12. The breakpoint region is rich in transposable elements, specifically L1/LINEs, and appears to be an area of mobile element insertion. d Summary schematic comparing the genomic structure of the mutant del(17) to normal HSA17. Yellow shading shows the 12.9 Mb region of the centromere (green line) and short arm that is missing on the del (17) CENP-A staining was located on D17Z1 (Fig. 3b) , and the remainder was associated with non-alpha satellite DNA. Using the length of the fluorescent signal for the D17Z1 array as a genomic size marker (i.e., 700 kb), we measured the entire region of CENP-A staining and estimated the genomic size of the CENP-A chromatin domain on the del(17) to be ∼677 kb (±170 kb) (Fig. 3b′) . Based on the percentages of CENP-A staining on D17Z1 versus that extending beyond D17Z1, we estimated that only 360 kb (±104 kb) of the CENP-A chromatin domain is located on D17Z1 (Fig. 3c) .
CENP-A chromatin spreads several hundred kilobases into the HSA17 short arm euchromatin
The chromatin fiber calculations indicated that CENP-A chromatin had spread ∼300 kb into noncentromeric DNA. The short arm of HSA17, rather than the long arm, seemed the most likely direction for CENP-A spreading, since the breakage events resulting in the del(17) placed D17Z1 immediately adjacent to the HSA17 short arm (i.e., 17p12). To verify the chromatin fiber results, we performed ChIP with antibodies to CENP-A, followed by qPCR for specific genomic sites within 17p12, moving distal from the breakpoint. As expected, CENP-A was concentrated on D17Z1 on both the normal HSA17 and del(17), although D17Z1 on the del(17) was less enriched for CENP-A (Fig. 4a) . Five genomic sites within the HSA17 short arm all showed CENP-A enrichment that matched or exceed that on D17Z1, the normal site of CENP-A accumulation. A sixth location that was absent from the del(17) but present on the normal HSA17 was included as a (17), CENP-A was also localized to a portion of D17Z1, but some of the CENP-A staining did not overlap with D17Z1 suggesting that it was partially located within the nearby non-satellite DNA. Scale bars equal 5 μm. b The amount of overlap between CENP-A immunostaining and D17Z1 FISH signal was measured on individual chromatin fibers, revealing that 55 % of CENP-A was associated with D17Z1. b′ Using the known size (700 kb) of D17Z1 on the del(17), we estimated that the total CENP-A domain measured ∼670 kb in length and that ∼360 kb co-localized with D17Z1. Thus, ∼310 kb of CENP-A chromatin is located on euchromatic/non-satellite DNA. c Schematic showing the HSA17 UCSC Genome Browser coordinates for HSA17 deletion (red box on ideogram), summarizing the chromatin fiber analysis of CENP-A chromatin (red bar) location to both short arm DNA and D17Z1 (green bar) on the del(17) compared to its localization only at D17Z1 on normal HSA17. The yellow bar represents the deleted portion of the HSA17 short arm on the del (17) control. The five interrogated locations spanned a 200 kb region, confirming that CENP-A chromatin had spread at least several hundred kilobases away from the 17p breakpoint. Overall, our findings demonstrate that a large-scale rearrangement of a human chromosome that places alpha satellite DNA next to non-centromeric DNA allows centromeric chromatin to spread into unique euchromatic regions, and centromereic chromatin is stably retained at its new genomic location.
Changes in gene expression within euchromatin covered by CENP-A The ChIP-PCR experiments revealed that CENP-A was not equally enriched at each of the five interrogated genomic locations, possibly reflecting differences in the underlying DNA sequences. Analysis of the human genome assembly for this region of HSA17 indicated that CENP-A chromatin on the del(17) had spread across a region that is not only rich in interspersed repeats/transposable elements but also includes at least one gene and several annotated RNA transcripts (Fig. 4b) . We tested if spreading of centromeric chromatin affected gene expression by measuring transcription of the ELAC2 gene (hg38 chr17: 12992391-13018187), located within the repositioned centromeric chromatin domain (Fig. 4a, genomic site 1) . RT-qPCR showed that ELAC2 expression on the del(17) was reduced by more than 50 % compared to the normal 17 (Fig. 4c ). These results demonstrate that although centromeric chromatin can readily spread into euchromatin/transcriptionally active chromatin, it has a notable repressive effect on gene transcription.
Discussion
Centromeric/CENP-A chromatin in humans is typically assembled on repetitive DNA sequences. However, it has been shown that CENP-A chromatin can form on unique sequences that are located outside of, and often far away from, the endogenous centromere. These neocentromeres were initially described in humans but subsequently have been reported in a variety of organisms (Depinet et al. 1997; du Sart et al. 1997; Maggert and Karpen 2001; Warburton 2004; Heun et al. 2006; Ketel et al. 2009; Burrack and Berman 2012; Shang et al. 2013; Thakur and Sanyal 2013) . Over 100 human neocentromeres have been described; for about a dozen, the centromere protein (CENP-A, CENP-C, CENP-H) binding domains have been defined in detail (Alonso et al. 2003; Chueh et al. 2005; Alonso et al. 2007; Hasson et al. 2013) . Most of these CENP-A domains have been mapped to 300-500 kb regions, suggesting that neocentromere-associated CENP-A chromatin domains are considerably smaller than endogenous CENP-A domains. Likewise, the CENP-A chromatin domain on the del(17) occupies half the amount of DNA compared to the CENP-A domain on a normal HSA17. These results suggest that CENP-A chromatin may not be able to spread as far within euchromatin. Alternatively, the smaller CENP-A chromatin domain may simply correlate with the smaller D17Z1 array size, as has been observed for experimentally deleted human X chromosomes (Mravinac et al. 2009 ).
The single molecule chromatin fiber analyses did not reveal extensive variability in CENP-A spreading. In other words, we did not observe fibers on which CENP-A nucleosomes only associated D17Z1 nor did we observe those in which CENP-A chromatin assembled on only short arm material. These findings suggest a combined degree of rigidity and flexibility of centromeric chromatin expansion. CENP-A nucleosomes appear to spread only far enough to create a centromeric chromatin domain that will confer chromosome stability. It appears that once the centromeric chromatin domain was established on the del(17), it has remained largely static, suggesting that centromere formation on noncentromeric sequences follows similar rules of inheritance as at endogenous centromeres (Ross et al. 2016) .
Many naturally occurring neocentromeres, particularly in humans, are formed at locations that are far, at least in linear distance, from the endogenous centromere. Conversely, neocentromere induction experiments in model organisms have shown that CENP-A is concentrated in genomic locations near or next to endogenous centromeres. In these instances, CENP-A chromatin does not spread per se, but the low to moderate levels of CENP-A nucleosomes within regions flanking centromeres nucleate a neocentromere when the endogenous centromere is deleted (Burrack and Berman 2012; Shang et al. 2013; Thakur and Sanyal 2013; Scott and Sullivan 2014) . The closest example of a neocentromere that is similar to the del(17) is the Drosophila minichromosome Dp(1;f)1187. This derivative chromosome was formed after successive rounds of gamma irradiation caused an X chromosome inversion, followed by removal of all but the proximal and distal sequences within the inversion region (Karpen and Spradling 1990) . The 1.3 Mb Dp1187 minichromosome was used to molecularly define the first centromeric sequences in Drosophila (Murphy and Karpen 1995; Sun et al. 1997; Sun et al. 2003) . Multiple rounds of truncation of Dp1187 produced a series of progressively deleted minichromosomes lacking the molecularly defined centromere. These derivatives were found to be stable because the centromere had moved from satellite DNA into flanking euchromatin (Williams et al. 1998; Blower and Karpen 2001; Maggert and Karpen 2001) , spreading over different genomic distances, depending on the minichromosome derivative (DE Pazin and BA Sullivan, unpublished) . The del(17) mimics the structure and organization of these neocentromeric minichromosomes, in that the HSA17 rearrangement placed D17Z1 next to the short arm and centromeric chromatin then spread into euchromatin.
Together, our del(17) and the Dp1187-derived minichromosomes suggest that centromeric chromatin is normally constrained entirely or in part by the flanking pericentromere. Indeed, endogenous CENP-A chromatin domains are surrounded by constitutive heterochromatin that is enriched for H3K9me3 and H3K27me3 (Partridge et al. 2000; Choo 2001; Mravinac et al. 2009 ). CENP-A overexpression studies have shown that CENP-A nucleosomes can readily spread into and nucleate at regions of open chromatin or at heterochromatin-euchromatin boundaries (Olszak et al. 2011; Athwal et al. 2015) . In cancer genomes that inherently overexpress CENP-A, excess CENP-A accumulates at promoters, transcription factor binding sites, and DNase hypersensitive (DNase HSS) sites, regions that are indicative of open or accessible chromatin (Crawford et al. 2004; Thurman et al. 2012; Lacoste et al. 2014; Athwal et al. 2015) . We also observed many mapped DNase HSS sites within the 300 kb euchromatic region on the del(17) occupied by CENP-A chromatin. Thus, our findings are in agreement with other reports claiming that CENP-A chromatin can readily invade regions of open and transcribed chromatin.
L1/LINE retroelements are structural and functional components of CENP-A domains at human neocentromeres (Chueh et al. 2005; Chueh et al. 2009 ). Retroelement transcription is also a feature of normal mammalian centromeres (Carone et al. 2009; Carone et al. 2013) . We speculate that the transcriptional activity of the L1s/LINEs at the junction of the alpha satellite-short arm fusion point on the del(17) facilitated spreading of CENP-A nucleosomes into noncentromeric DNA. It is not clear if the euchromatic portion of the CENP-A domain on the del(17) is permissive for CENP-A spreading due solely to retroelement transcription or was additionally enabled by gene transcription within the region. Non-coding RNAs derived from satellites are components of centromere complexes and recruit or maintain kinetochore proteins (Topp et al. 2004; Wong et al. 2007; Du et al. 2010; Bergmann et al. 2011; Rosic et al. 2014) . The role of transcription in centromere identity remains complex, in that transcripts are present, but too much or too little transcription is incompatible with centromere function (Hill and Bloom 1987; Bloom et al. 1989; Cardinale et al. 2009; Bergmann et al. 2012; Shang et al. 2013 ). The del(17) also exhibited incompatibility of centromeric chromatin and gene expression, suggesting a difference between transcripts that maintain CENP-A chromatin and those produced by gene expression. The euchromatic nature of the region flanking the del(17) breakpoint may have permitted expansion of CENP-A chromatin, but stabilization of centromeric chromatin required a reduction in the transcription of ELAC2 and possibly of other genes located nearby.
Our studies highlight several directions for additional study, including RNA sequencing to determine to the broader effects on transcription throughout the ∼300 kb euchromatin region and ChIP-seq to map chromatin Fig. 4 ChIP and gene expression analysis of CENP-A spreading into euchromatin on del(17). a ChIP-qPCR showed that CENP-A is enriched at D17Z1 on the normal HSA17 and to lesser extent on del(17). Five genomic sites distal to the breakpoint and a control genomic site present only on the normal HSA17 were interrogated by ChIP to measure the genomic extent of CENP-A spreading. All five euchromatic HSA17 short arm sites were enriched from CENP-A on the del(17) compared to the normal HSA17. Enrichment was determined based on % input compared to D17Z1 (the typical site of CENP-A enrichment on HSA17). Error bars represent SEM. Significant differences between CENP-A enrichment at each genomic site on the del(17) and normal 17 were determined using a Student's t test. b Summary schematic of chromatin fiber and ChIP results showing the spreading of CENP-A chromatin into ∼300 kb of HSA17 short arm euchromatin. Additional Genome Browser tracks are included below CENP-A fiber and ChIP data to illustrate that CENP-A chromatin spreads over a genomic region that includes genes/RNA transcripts and transposable elements and is largely characterized by open chromatin (i.e., DNase hypersensitive sites (DNase HSS)). c RT-qPCR analysis of the ELAC2 gene that is present within the repositioned centromeric chromatin domain (genomic site 1, Fig. 4a ) revealed that ELAC2 transcription is reduced on the del(17) compared to the normal 17. RNA was extracted in duplicate from each cell line, and RT-qPCR was done in triplicate for each sample. Relative expression was calculated as a ratio of ELAC2 expression over beta actin expression, and the normal HSA17 was adjusted to 1. Error bars = SEM. A Student's t test was used to determine that gene expression was significantly different between the normal 17 and del(17) (p < 0.0001) organization within and around the new centromere location. It will be interesting to determine if CENP-A nucleosomes are equally distributed over intergenic and coding regions within the short arm of HSA17 or instead are organized into large domains in which the H3 nucleosomes occupy the genic regions (Alonso et al. 2003; Alonso et al. 2007; Hasson et al. 2013) . Furthermore, the use of genome engineering technologies to precisely delete pericentromere regions could identify key temporal aspects of CENP-A chromatin spreading immediately after flanking heterochromatin is removed. Such future studies could directly test the molecular mechanisms that control CENP-A invasion and repositioning after loss of heterochromatin, thereby increasing our understanding of normal centromere biology and disease states associated with inappropriate CENP-A incorporation.
BAC, bacterial artificial chromosome; CENP-A, centromere protein A; CENP-B, centromere protein B; CCD, charged coupled device; CGH, comparative genomic hybridization; ChIP, chromatin immunoprecipitation; DAPI, 2-(4-Amidinophenyl)-1H-indole-6-carboxamidine; FBS, fetal bovine serum; FISH, fluorescence in situ hybridization; HAT, hypoxanthine/aminopterin/thymidine; HSA17, Homo sapiens chromosome 17; IF, immunofluorescence; kb, kilobase; Mb, megabase; MEM, minimal essential medium; LINE/LTR, long interspersed nuclear element/long terminal repeat; PCR, polymerase chain reaction; RTqPCR, reverse transcriptase quantitative PCR; STS, sequence-tagged site; TE, transposable element
